Transmethylation reactions involving the formation of methionine from homocysteine have been shown to take place in the presence of slices and suspensions of liver and kidney from the rat, pig and guinea pig (Borsook & Dubnoff, 1947; Dubnoff & Borsook, 1948) . These tissues contain two distinct enzyme systems capable of catalysing the transfer of methyl groups to homocysteine, one requiring dimethylthetin or dimethyl--propiothetin, and the other requiring glycine betaine, as the specific methyl donor. Dubnoff & Borsook (1948) referred to these enzymes as dimethylthetin transmethylase and betaine transmethylase respectively, and showed that they could be distinguished from one another by their different stabilities in acid solution. They were both found to possess a pH optimum in the region of 7-8 and to function in anaerobic conditions. The thetin transmethylase was able to bring about transfer of one methyl group only, per molecule of dimethylthetin. The action of both enzymes was followed at pH 7*4 by colorimetric estimation of the methionine formed. More recently, Ericson, Williams & Elvehjem (1955) have made a further study of the betaine transmethylase.
If the overall chemical changes involved in the reactions catalysed by these two enzymes are examined, it is evident that, in both cases, the methylation of the sulphydryl group of homocysteine under physiological conditions must result in the liberation of a proton, since according to the data of Ryklan & Schmidt (1944) In the reaction involving dimnethylthetin (reaction 1) there are no other changes in the number of acid or basic groups initially present. The net result is the production of acid, and if the reaction be carried out in a bicarbonate medium it should be possible to follow it manometrically by the amount of CO2 evolved. Smythe (1936) has-studied the non-enzymic alkylation by iodoacetate of cysteine and other thiols in a bicarbonate buffer by such a procedure.
With betaine as the methyl donor (reaction 2), however, proton formation is accompanied by the production of dimethylglycine, i.e. of an extra basic group. In this case, therefore, one would expect no production of acid and no evolution of C02 in a bicarbonate medium.
Experiments with rat-liver preparations as sources of the two transmethylases have shown that the above predictions are in fact correct. The action of the thetin transmethylase can be followed manometrically in a bicarbonate buffer, whereas that of the betaine transmethylase does not involve any gas exchange. The former enzyme has been partially purified by ammonium sulphate fractionation and some of its characteristics have been examined with the aid of this simplified assay procedure. Ericson et al. (1955) (Maw, 1955) .
MATERIALS AND METHODS

Materials
Substrates. Dimethylthetin chloride was prepared by heating an equimolar mixture of dimethyl sulphide and monochloroacetic acid under gentle reflux for 5 hr. The resulting solid was washed with ether and twice recrystallized from methanol. DL-Homocysteine was prepared from DL-homocystine by reduction with sodium in liquid ammonia (Riegel & du Vigneaud, 1935-36) .
Preparation of tissue suspension8. Liver (6 g.) from a freshly killed male rat (wt. 150-200 g.) was homogenized with 24 g. of ice-cold 0-0128m phosphate buffer, pH 7-4, containing NaCl, KCI and MgSO4 (Cohen & Hayano, 1946) , and filtered through two layers of muslin. Such a preparation contained approx. 55 mg. dry wt. of tissue/ml. In the majority of experiments it was then centrifuged at 1250g in a cold room at 40 for 15-20 min. to remove cell debris and other inactive material. The supernatant fraction contained approx. 35 mg. dry wt. of tissue/ml.
Analytical method for following transmethylation
The liver suspension obtained as described above was pipetted into 50 ml. beakers, 1 ml. in each, together with 2 ml. of a neutralized solution of the thetin chloride and 2 ml. of DL-homocysteine, both made up in the phosphate buffer. Beakers were also prepared containing suspension alone, suspension + homocysteine, and suspension + thetin chloride, together with sufficient buffer to give a final volume of 5 ml. in each beaker. The beakers were placed in a thermostat previously described (Maw, 1954) and shaken at 36.80 for 2 hr. while being gassed with 100% N2. In a number of experiments the liver suspensions were made up in a 0-02M sodium bicarbonate buffer containing the same concentrations of NaCl, KCI and MgSO4 as the phosphate buffer, and the beakers were then gassed with a mixture of N2 + CO (95:5, v/v) .
At the end of the 2 hr. period, the beakers were removed from the bath, the contents were deproteinized by the addition of 1 ml. of 20% (w/v) trichloroacetic acid (TCA) and centrifuged at 1250g for 10 min., after being allowed to stand for 30 min. The supernatant was used for methionine estimations.
Estimation of methionine
Certain difficulties were encountered in the estimation of methionine under the particular experimental conditions employed, and these are discussed in some detail.
In their transmethylation studies, Dubnoff & Borsook (1948) used a modification of the colorimetric method of McCarthy & Sullivan (1941) for the estimation of methionine. They had found previously (Borsook & Dubnoff, 1947) Neither the process of ether extraction nor the presence of ether had any effect on the colour obtained with methionine. Ether-extracted solutions occasionally became green on addition of sodium nitroprusside and NaOH, but this colour was discharged by acidification. Dimethylthetin chloride at the concentrations used in these experiments had no effect on colour formation and was not itself chromogenic.
Effect of temperature. After the addition of sodium nitroprusside and NaOH, Dubnoff & Borsook kept the solution for analysis at 380 for 5-10 min. In the present experiments, temperature was not found to be a critical factor in colour development, maximum colour formation being obtained over the range 15-40'. On final acidification the solution became noticeably warm, but this was without effect on the colour intensity obtained. All estimations have therefore been carried out at room temperature without regard to temperature control at any stage.
Procedure for the estimation of methionine. The following modification of the McCarthy-Sullivan method was employed. The deproteinized solution containing up to 2 mg. of methionine/5 ml. was shaken three times in a 30 ml. stoppered glass tube with equal volumes of anaesthetic ether, the two layers being allowed to separate and the ether layer drawn off each time by means of a capillary tube. To 3 ml. of the clear aqueous layer were added 2 ml. of water, 0 5 ml. of 2 % (w/v) freshly prepared sodium nitroprusside and 0-5 ml. of 5N-NaOH; the whole was well mixed and allowed to stand for 10 min. Two ml.
of 89% (w/w) H3PO4 (A.R.), sp.gr. 1-75 (Horn et al. 1946 ), was then added slowly with vigorous swirling, the mixture was allowed to stand for a further 10 min. and the colour which developed was compared with that obtained from a control tube containing water in place of the etherextracted sample, with an EEL photoelectric colorimeter (Evans Electroselenium Ltd.) and a Chance OG 1 filter (max. transmission 530 mp.). Methionine concentrations were read off a calibration curve constructed from a series of aqueous L( + )-methionine solutions of known strength.
This curve was coincident with that obtained from a series of methionine solutions containing added homocysteine, dimethylthetin, sodium methylthioacetate and TCA, and subjected to ether extraction.
The iodometric method of estimating methionine of Bakay & Toennies (1951) is undoubtedly more sensitive than the method described above. However, as samples for analysis contain unreacted homocysteine, which also reacts with iodine, this particular method becomes impracticable in the experiments described here, unless the homocysteine is first removed by some procedure such as that of Lavine & Floyd (1954) .
Manometric procedure for following transmethylation
This was carried out in the conventional Warburg apparatus. Each flask contained the neutralized substrates in 2 ml. of the 0-02M bicarbonate buffer described previously, with 0 5 ml. of liver suspension or enzyme preparation in the side arm. When high concentrations of the thetin chloride were used, the compound was first dissolved in water, neutralized with NaOH and then an equal volume of bicarbonate buffer of twice the required final strength was added. The flasks were gassed with N2 + CO2 (95:5, v/v) and, 5 min. after mixing the enzyme with the substrates, CO2 evolution was measured for a period of 2 hr. in the case of liver suspensions and for 1 hr. when more active preparations were used. The initial reaction velocity has been expressed as the volume of CO2 liberated during the 10 min. period commencing 5 min. after 'zero' time.
Homocysteine has frequently been used at a concentration of 0-03M, and at this strength is responsible for a considerable CO2 retention amounting to 17 % of the gas liberated. This retention has been taken into account in assessing CO2 output, and the assumption has been made that the retention due to the methonine formed in the reaction is equal to that of the homocysteine being utilized. At lower concentrations of homocysteine (e.g. 0-003M) there was no measurable retention and none was attributable to the other compounds used or to the tissue preparations, whatever the concentrations employed. 
RESULTS
Experiment8 with rat-liver 8wspen8ion8 Methionine formation. The methylation of homocysteine by dimethylthetin and by betaine in the presence of rat-liver suspensions has been studied by direct estimnation of the methionine formed, the results obtained being given in Table 1 . They are in close agreement with those obtained originally by Dubnoff & Borsook (1948) under somewhat similar experimental conditions. There was negligible methionine formation by the tissue, either in the absence of the substrates or in the presence of the methyl donors alone, but some synthesis occurred when the tissue was incubated with homocysteine alone. This amount was markedly increased by the further addition of either of the methyl donors. The addition of dimethylthetin gave rise to approximately twice as much extra methionine as did an equivalent amount of betaine. The synthesis occurring in the presence of the thetin corresponded to a methylation of 27 % of the total DL-homocysteine present.
Heating the suspension to 1000 for 15 min. destroyed its enzymic activity, whereas freezing it to -210 had no effect. The extent of methionine synthesis appeared to be the same whether the medium contained phosphate or bicarbonate buffer. Furthermore, the suspension lost none of its activity after centrifuging for 30 min. at 1250g, which removed a considerable amount of cell debris. The substrate mixtures in the absence of tissue are responsible for a small methionine value, but whether this is a true non-enzymic synthesis or merely a 'reagent blank' has not been determined.
Manometric experiment8. On incubation of centrifuged rat-liver suspensions with homocysteine and dimethylthetin in Warburg flasks, a small but steady evolution of CO2 was observed. Fig. 1 shows the results of a 2 hr. manometric experiment, in which the substrates were present at concentrations corresponding to those used in the previous Saline medium containing 0-02m-NaHCO3; substrates 0-003M; liver suspension 4%; flasks gassed with N2 +0CO Table 1 ). A negligible amount of CO2 was formed from a mixture of the substrates alone or from the tissue alone. The tissue suspension in the presence of homocysteine gave rise to a small gas evolution, and this was greatly increased by the additional presence of the thetin. The ability of the suspension to produce C02 under these conditions was still marked after storage for 14 days at 40, but was completely destroyed after the preparation had been heated to 1000 for 15 min.
In Fig. 2 are shown the C02-output curves obtained in a 1 hr. experiment with both dimethylthetin and betaine as methyl donors. The concentrations of thetin and DL-homocysteine used in this experiment approximated to their optimum values as determined with partially purified preparations of the thetin-homocysteine transmethylase described below. The betaine was used at the same concentration as the thetin. Again, only a small evolution of C02 was produced by the suspension together with homocysteine, whereas a relatively copious evolution occurred on the addition of dimethylthetin. On the other hand, betaine in place of the thetin as the methyl donor produced no such increase in C02 output, despite the synthesis of methionine which was taking place.
Correlation between C02 output and methionine formation. Table 2 gives the results of a series of manometric experiments, with dimethylthetin as the methyl donor, in which the amount of methionine formed in the reaction was determined colorimetrically at the end of the 2 hr. period. The concentration of both substrates was 0-003M. The total C02 output in each experiment has been corrected for the small amount of gas produced by the mixture of substrates alone, and also for the amount formed by the tissue suspension in the presence of homocysteine alone. The methionine values have been corrected in the same manner for the 'substrates blank' and the 'tissue + homocysteine blank'. Good agreement between the Partia purification of the thetin transmethylase With the manometric procedure of assaying enzyme activity, some degree of purification and concentration of the transmethylase has been achieved by ammonium sulphate fractionation. A liver suspension was prepared by homogenizing 18 g. of rat liver in 72 g. of 0-0128M phosphate buffer, pH 7 4, filtering it through muslin and centrifuging it at 1250 g for 20 min. The volume of the supernatant fluid was made up to 100 ml. with more phosphate buffer before the addition of ammonium sulphate. The most active fraction was precipitated at 0 35-0 45 saturation, although the 0-45-0-55 fraction was also quite active. The precipitate was spun down at 1600 g for 10 min., and dissolved in 10 ml. of phosphate buffer and dialysed against running tap water for 15 hr. at room temperature. It was then centrifuged at 1250 g to remove a bulky precipitate, the major part of the activity remaining in the supernatant portion. This was finally made 0-02M with respect to NaHCO3. The preparation (vol. 15 ml.) contained approx. 8 mg. dry weight of material/ml., and 0 5 ml. of this was able to liberate 250-300 pl. of C02/hr. from 2 ml. of a mixture of dimethylthetin chloride (0.1M) and DL-hOmOcysteine (0.03M). When stored at 40, it remained stable for several weeks without appreciable loss of activity. Dubnoff & Borsook (1948) obtained highly active preparations of the transmethylase from extracts of Viobin liver (a commercially prepared desiccatedliver preparation) by ethanol fractionation at 00. This has also been attempted with rat-liver suspensions. The rat-liver enzyme appears to be more ethanol-soluble than that of the Viobin preparation since most of the activity was found in the fraction precipitated over the range 20-40% ethanol, rather than in the 11-18% fraction as found by the American workers.
Experiments with enzyme preparations The active thetin-transmethylase preparations obtained by ammonium sulphate fractionation of rat-liver suspensions have been shown to produce C02 at low concentrations of the substrates in amounts equivalent to the methionine synthesized, as in the suspensions themselves. These preparations have been used in experiments concerned with the effect of substrate concentration and 120 I956 THETIN-HOMOCYSTEINE TRANSMETHYLASE enzyme concentration on enzyme activity, this being assessed as the initial reaction velocity given by the particular preparation.
Effect of concentration of 8ub8trate8. By varying the concentration of one substrate while maintaining that of the other constant, attempts were made to determine the optimum concentration values for dimethylthetin and homocysteine. When the thetin concentration was varied with the homocysteine concentration kept at 0-03M (see below), optimum activity was never completely reached, even at a concentration as high as 0-3M (see Fig. 3 ). Nevertheless, it was clearly being approached, since raising the concentration from 0-1 to 0-3M increased the initial rate by only 11 %. In most subsequent experiments, the thetin chloride has been used at a strength of 0-1 M. The relation between initial reaction rate (v) and thetin concentration (8) was a hyperbolic one and a plot of l/v against 1/8, according to the method of Lineweaver & Burk (1934) , gave a straight line. The value of the Michaelis constant for this substrate calculated from the data was 10-2 x 10-3M.
By keeping the strength of thetin chloride constant at 0-1 M, the concentration of DL-homocysteine required for optimum activity was found to be a fairly well-defined value in the region of 0-03M (see Fig. 4 ), allowance being made for the CO2 retention by this substrate at the higher concentrations. However, the shape of the activity/ concentration curve deviated from a hyperbola at low homocysteine concentrations (Fig. 5) , and a plot of l/v against 1/8 in this case was not linear. This type of deviation might be expected if a constant amount of the homocysteine present was not available to the enzyme, either because of its decomposition or because of reaction with substances other than the enzyme in the preparations. If a hyperbola be fitted to as many of the experimental points as possible, as shown in Fig. 5 , it cuts the abscissa at a value of approximately 0-002M homocysteine. If the assumption be made that this amount of the substrate is not available Fig. 6 ). This result was found not only for the partially purified preparations, but also for unfractionated liver suspensions both at low and high substrate concentrations. In view of the fact that a linear activity/concentration relationship is a general characteristic of enzymes, particularly under conditions favourable for optimum activity, it seemed necessary to determine whether or not environmental factors were producing this effect. A number of possible explanations have been examined.
(i) Carbon dioxide evolution may not be a true measure of the enzymic reaction. However, at low substrate concentrations, CO2 formation has been shown to correspond to methionine synthesis. Furthermore, in several experiments the same activity/concentration relationship was obtained when activity was measured chemically in terms of the amount of methionine formed.
(ii) Inhibition of the enzyme by substances present in the preparations or by products of the reaction might be responsible. Addition of a heatinactivated enzyme preparation to the system had no significant effect on the reaction rate, although undoubtedly such an inhibitor might be heatlabile. Against its existence is the finding that two enzyme preparations precipitated from the same liver suspension by two different concentrations of ammoniunm sulphate gave identical activity/ concentration curves, and it seems unlikely that the enzyme and any such inhibitor would be present in the same proportions in both preparations.
The reaction products L-methionine and sodium methylthioacetate have also been tested for their influence on the reaction rate. Neither compound produced any significant effect.
(iii) Interference by side reactions might be responsible. Simultaneous reactions resulting in the removal of substrates, the formation of inhibitory products, or the production of changes in the number of acid or basic groups present, with a consequent effect on CO2 evolution from the main reaction, have been considered. Since the experimental conditions were anaerobic, the only side reaction likely to cause interference appeared to be the action of homocysteine desulphurase, which would give rise to H2S and ammonia. However, the preparations employed produced negligible quantities of these products both at low and high concentrations of DL-homocysteine, and neither compound was found to exert any significant effect on the activity of transmethylase preparations.
It is also possible that as a result of homogenizing the tissue or preparing the active fractions some factor has been lost or has been considerably diluted. Addition of various metal ions to the preparations, including Ca2+, Mg2+, Mn2+, Co2+ and Zn2+, was without effect on enzyme activity, but the influence of added substances needs further study. DISCUSSION
The manometric method for the study of thetinhomocysteine transmethylase has numerous advantages over procedures involving the estimation of the methionine formed, even though its use is limited to the pH range covered by the H2CO3-NaHCO3 buffer system. According to Dubnoff & Borsook (1948) the activity/pH curve for the enzyme from Viobin liver preparations has a very flat peak over the pH range 7-0-8-0, so that enzyme action may be studied manometrically under conditions of optimum activity. The method enables the kinetics of the enzyme to be followed in the I956 122
The isolation from culture filtrates of P8eudomona8 pyocyanea of a crystalline product, which antagonizes under certain conditions the antibacterial action of dihydrostreptomycin, has been reported elsewhere (Lightbown, 1950 (Lightbown, , 1954 . This paper records a chemical examination of the product, which has proved to be a mixture, and the synthesis of its principal constituents. The natural product is referred to hereafter as the 'antagonist'.
RESULTS AND EXPERIMENTAL
U8e of partition chromatographyfor i8olation of the antagonist. The yields of antagonist from the initial butanol extract of culture filtrates could be increased by evaporating most of the butanol in a rotary evaporator at approximately 300, adding benzene until the mixture contained about 30 % (v/v) benzene, and then running the solution on a kieselguhr column with a stationary phase of 01M phosphate buffer (pH 11.9) and butanolbenzene (7:3, v/v) as mobile phase. The column (3 ft. x 1k in.) contained 200 g. of kieselguhr (Hyflo Super Cel) for a charge containing about 200 mg. of antagonist. The antagonist ran rapidly through the column and emerged free from most of the coloured impurities as well as from some contaminants absorbing in the ultraviolet. The product was further purified by crystallization from benzene-light petroleum.
Properties of the antagoni8t. The antagonist separated from ethanol or ethyl acetate in illdefined plates. The melting point, which varied in different specimens, was in the range 136-148°and was little affected by repeated recrystallization. The antagonist was insoluble in water and dilute mineral acids, soluble in aqueous NaOH or Na2CO3 to a yellow solution, and sparingly soluble in ether. It gave an orange-red colour with FeCl3 in ethanol; it reacted instantly with Br2-CHCl3 with liberation of HBr; an aqueous alkaline solution reduced KMnO4 rapidly in the cold. It did not reduce Fehling's solution; it liberated no iodine from NaI in i8opropanol-acetic acid; it gave no azo-dye with diazotized sulphanilic acid. The ultraviolet absorption spectrum in aqueous solution at pH 9 showed a broad maximum at about 350 my.
(E lo 250) and asharperpeakat 250mpi. (E1 % . 700).
Analysis indicated an approximate formula C17H2302N. (Found: C, 75-0, 74-8; H, 8-45, 8-2; N, 5 0; OMe, 0 %.) Isolation of the antagonist from an organism which has already been shown (Hays et al. 1945; Wells, Elliott, Thayer & Doisy, 1952; Wells, 1952) to produce 2-alkyl-4-hydroxyquinolines (I) suggested a chemical relationship, a suggestion further OH OH OH (I) (II) OH CHO Me (III) supported by the general similarity of the ultraviolet absorption spectra. The only essential difference suggested by elementary analysis was the presence of an additional oxygen atom. One
